Observation of steady conical menisci with longitudinal growth is reported for electrospraying under high frequency alternating current ͑ac͒ electric fields. The authors report conical shapes that are analogous to the well-known direct-current ͑dc͒ cone-jet mode in the occurrence of conical menisci, but have some very distinctively ac features. The ac cones show a unique longitudinal growth that result in very high aspect ratio cones. The cone half angle for ethanol is approximately 9°for the ac case as compared to 47°for the dc case. These dissimilarities point to different mechanisms for dc and ac sprayings. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2402883͔
Here, we report the observation of steady conical shapes at a very wide range of operating frequencies until 200 kHz. The experiments reported here are for ethanol as the spraying liquid, although similar behavior is observed for acetonitrile, methanol, propanol, and butanol. We use denatured high performance liquid chromatography grade reagent alcohol ͑90.6% ethanol, 4.9% 2-propanol, and 4.5% methanol, Fisher͒ with liquid viscosity ϳ 1.2ϫ 10 −3 Pa s, conductivity K ϳ 0.7ϫ 10 −6 S / m, and dielectric constant ␤ ϳ 24. 5 . The experiments were performed by applying a high frequency ac voltage across a metal needle ͑Mcmaster-Carr 6710A38, inside diameter= 0.152 mm, outside diameter= 0.305 mm, length= 5 cm͒ and a ground electrode. The needle was inclined at an angle of approximately 45°with the horizontal and placed at a distance of 5 mm from a flat metal ground electrode. The inclination of the needle did not cause a variation in the results and the angle of 45°was chosen for convenient imaging. The needle inlet was connected to a syringe pump for supplying ethanol at a predetermined rate. The high voltage generation and measurement along with the optical imaging technique have been described elsewhere. Figure 1 shows the phase diagram for the spraying of ethanol depicting the three observed spraying modes as a function of the applied voltage and frequency. We note that the voltage demarcation between the various modes is practically independent of the applied frequency. At voltages lower than ϳ4 kV p-p ͑kilovolt, for peak to peak͒ dripping takes place, which is accelerated by the applied field. At voltages higher than ϳ6 kV p-p corona discharge becomes visible at the needle tip with the appearance of a bluish glow. This assists the ejection of drops periodically from the needle. For the imposed flow rate of 5 l / min, drops are ejected at a rate of approximately 5 / s, which remains constant throughout the frequency range. This discharge assisted ejection sequence is shown in Fig. 2 30 kHz the meniscus is not perfectly stable and localized waves originate at the meniscus tip, with frequencies around 500 Hz, which is much lower than the applied frequency. However, with increasing applied frequency the conical meniscus becomes perfectly stable. At lower voltages, near the boundary of the conical spraying regime with the dripping regime, cone formation competes with the dripping phenomena. Once a conical protrusion appears, its growth at such voltages is smaller than the growth of the spherical meniscus due to dripping. Consequently, it is overtaken by the large drop and the conical shape is lost. After the drop has dripped away, the conical meniscus reappears and the entire cycle is repeated. As the voltage is increased, charge separation in the liquid phase is strengthened and, consequently, the growth of the conical meniscus becomes faster than the rate of dripping. Near the boundary between the conical spraying mode and the discharge assisted ejection mode, the growth of the conical shape continues unabated until an aspect ratio of around 15:1 ͑L / R͒, after which the meniscus become unstable and pinches off and again this process continues. In contrast, the aspect ratio for dc cones is around 1:1. A thin jet, which breaks to form drops, is always ejected from the cone tip, analogous to dc spraying. An important experimental feature is the very sensitive dependence of the spraying behavior on the sample conductivity. The presence of impurities that increase the sample conductivity can totally change the behavior at the meniscus, and the appearance of cones is delayed to higher frequencies. In contrast, conductivity changes the jet dimension for dc spraying. 8 The most obvious discrepancy observed here is the steadiness and growth of this conical shape. Extension of classical dc spraying theory suggests the formation and annihilation of cones every half cycle, since the polarity of liquid phase charge is changing every half cycle. This is consistent with the behavior observed at low frequencies. However, as our experiments show, the behavior at high frequencies is quite different. Instead of forming and deforming every half cycle, the cone remains steady, as shown in Fig. 3 . The successive images in Fig. 3 also illustrate the longitudinal temporal growth of the meniscus. To verify that this growth process is an intrinsic feature of the ac spraying mechanism and not due to a flow-rate mismatch between the flows coming out of the cone tip and being supplied by the pump, similar experiments were performed without any imposed flow rate from the pump. But even then, the cone growth continued until the meniscus became very slender and unstable. After pinch off, if there was some residual liquid at the needle tip, the conical meniscus was reformed and the same process continued until there was no more liq- uid remaining. Similar experiments with a dc field did not produce any such growth effect. Due to zero flow from the pump, the dc cone became unsteady and continued to form and break until all the liquid at the needle tip was exhausted. This unsteadiness was a result of the flow-rate mismatch, because there was a definite amount of liquid being ejected from the cone tip but there was no liquid supply from the pump. Even in this unsteady cone, the aspect ratio remained constant at approximately 1:1 throughout. This demonstrates that the growing meniscus is the effect of the applied ac potential and is limited to high frequency ac spraying. Another important distinction between the dc cone jet mode and the ac conical regime is the half angle of the cones. As seen from Fig. 4 , the half angle of the dc cone is ϳ47°which is very close to the Taylor angle of 49.3°. However, for the ac case the angle is ϳ9°which is significantly less than the dc case, although the same liquid has been used. The cone angle remains approximately constant throughout the applied frequency window.
Thus we report the observation of an ac cone-jet mode which is similar to dc cone jets in the appearance of a steady conical meniscus with a thin jet emerging from the cone tip, but exhibits a growing and much slender meniscus. Additionally, as per the behavior observed at low frequencies ͑ Ͻ1 kHz͒, the cones should appear and disappear every half cycle. Instead, the observed conical shape at high frequency ͑Ͼ10 kHz͒ is stable and does not alternate with the frequency. These distinctions suggest some mechanistic differences between high frequency ac spraying and dc/low frequency ac spraying. The origin of these differences might be explained by the additional dominant time scale for these experiments, the half period of the applied field where the frequency ranges from 15 to 190 kHz, as reported in Fig. 1 . The half period then corresponds from 33 to 2.6 s. For the sprayed ethanol the charge relaxation time is ϳ310 s. Consequently, the relevant frequency time scale is at least an order of magnitude smaller than the relaxation time, indicating that the liquid bulk is not discharged fully, which is different from the dc cone-jet mode. The insufficient time available for charge relaxation and the continuous growth of the conical meniscus suggest some preferential charge entrainment taking place every period leading to a progressive accumulation of charge in the liquid bulk resulting in a growing meniscus. Further work is being carried out in order to understand this mechanism.
